TRASCO-ADS is a national funded program in which INFN, ENEA, and Italian industries work on the design of an accelerator driven subcritical system for nuclear waste transmutation. TRASCO is the Italian acronym for Transmutation ͑TRAsmutazione͒ of Waste ͑SCOrie͒. One of the most critical aspects in the design of an Accelerator Driven System is related to the interface region, which is the part of the beamline located between the accelerator, operating under UHV conditions, and the pressurized reactor vessel, consisting of a contained plenum of Pb-Bi eutectic ͑LBE͒. A so-called window could separate these two environments, but thermomechanical considerations and radioprotection issues point out that this component could be critical. In the windowless interface, no window is located between the linac and the spallation target. Only a suitable pumping and trapping system, for the gases and the vapors outcoming from LBE, divides the UHV accelerator and the spallation target vacuum. Vacuum gas dynamics theoretical considerations and calculations are presented in this article. The need for a validation of the theoretical models gave the motivation for an experimental work, whose results are also discussed. Scale-up of the experimental setup to the full system needs accurate analyses for a proper dimensioning of the system in the interface region.
I. INTRODUCTION

TRASCO
1,2 and the EURATOM program in the 5th EU framework, PDS-XADS, are national and European funded projects involving the design of an accelerator driven system ͑ADS͒ by several research institutes and private companies. The ADS is a prototype of nuclear reactor having the ambitious purpose to transmute nuclear waste and, secondly, to produce energy. The transmutation process can lower the radiotoxicity level of waste and can drastically reduce the time necessary to lower their activity to the natural background level. The initial concept of ADS is due to Rubbia, who described the principles of this machine in several articles during the early 1990s. 
A. The accelerator driven system
The ADS nuclear reactor is based on two main concepts: ͑i͒ an accelerator supplies neutrons to maintain the fission process in a subcritical reactor under stationary conditions 3 and ͑ii͒ nuclear waste ͑minor actinides such as Am, Cm, Pu, etc., in a suitable matrix͒ can be transmutated into short-lived fission products through high-intensity (Ͼ10 15 neutrons/cm 2 s) fast neutrons. The fission process is sustained by the accelerator: the subcritical reactor can be stopped in only a few seconds by switching off the beam, so that safety is one of the main features of this system.
B. The windowless interface
Following the windowless approach, no physical window is foreseen between the Pb-Bi eutectic ͑LBE͒ target and the particle accelerator.
The neutrons are produced by the spallation reaction of heavy target nuclei exposed to the impact of high-energy protons generated by an accelerator. Moreover, due to the very high-power density developed during the proton/target impact, a liquid metal turns out to be the only option to remove the heat. The target in the TRASCO-ADS system is the lead-bismuth eutectic, ͓55.5% Bi, 44.5% Pb, melting point 124°C ͑See Ref. 4͔͒. The maximum surface temperature of the LBE target during the continuous proton-beam impingement must be kept at a design temperature of about 450°C. The free surface of the hot LBE target must be connected to the accelerator beamline through a suitable interface pipe. Whereas over the LBE surface, the gas phase pressure and composition will be dependent on LBE evaporation and spallation products' release, pressure and composition of gases inside the proton accelerator will be those typical for a stainless steel UHV system. LBE target and proton accelerator gas-phase species must be separated so that UHV conditions in the accelerator are preserved and a very limited amount of radionuclides enter the UHV beam line, according to the tight radioprotection constraints. An ADS prototype, schematically shown in Fig. 1 , has been designed in the 5th EU framework by the Italian firm Ansaldo Nucleare, supported by other European organizations comprising Framatome, CEA, ENEA, FZK, SCK, and INFN.
C. Windowless interface vacuum system design
In the windowless interface, the only way to remove unwanted gases and vapors from the interface region itself, thus lowering the net throughput of these species moving towards the LINAC, is to design a suitable pumping system. The design of a vacuum system for the windowless interface region can be undertaken only after evaluation of the gas/ vapors sources and dynamics inside the interface itself.
While the species and the quantity of gases produced in the accelerator is well known, a very limited amount of information is available about the gases and vapors developed in the LBE side of the interface. To properly understand how a real ADS windowless interface could behave under real operating conditions, we must evaluate ͑i͒ composition and throughput of lead and bismuth vapors produced by LBE at the operating temperature; ͑ii͒ composition and throughput of noncondensable gases and vapors developed during the spallation reaction; 5 ͑iii͒ composition and throughput of oxidation control gases 6 released by LBE during operation; ͑iv͒ adsorption and desorption rates of gases and vapors on/from the interface pipe walls; ͑v͒ effect of the beam on the gas/vapors distribution inside the interface region; ͑vi͒ high activity gases or vapors quantity estimation, such as polonium, mercury, etc.
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A vacuum gas dynamics approach is needed to evaluate the total net flux of vapors and gases leaving the LBE surface and to design a proper pumping system that minimizes the amount of materials that can contaminate the superconducting linac.
In this article, we discuss preliminary theoretical and experimental results obtained to evaluate the LBE vapor dynamics inside a windowless interface model.
II. PHYSICAL APPROACH AND NUMERICAL MODEL
Usually, vacuum science and technology faces the problem of computing the partial pressure distribution in a vacuum system. Gas flows ͑molecular͒ are then derived from partial pressures using the kinetic theory of gases. 7, 8 Gases typically present inside UHV systems are released from the inner walls of pipes and vessels due to desorption phenomena ͑i.e., these gases are not evolved by the corresponding liquid phases͒. Stainless steel or aluminum pipes release H 2 , H 2 O, and CO, whose partial pressures are easily measured by means of standard manometers.
The measure of partial pressures of LBE components cannot be properly carried out using ordinary manometers such as Penning or Bayard-Alpert gauges because metal vapors can cause electrical shorts, drift of electron emission currents due to a variation of the electrode work function, etc. In addition, as LBE is not in thermodynamic equilibrium with its own vapor, vapor pressure is not unequivocally defined.
A theoretical model of the TRASCO and PDS-XADS interface based on vapor pressures could not be properly validated through experiments based on the measurement of vapor pressures. As vapor fluxes can instead be measured, for example, using quartz crystal microbalances, we decided to develop a numerical model to directly compute the distribution of gas fluxes in the interface pipeline.
Due to the rather complex geometry of the system, the method of angular coefficients has been chosen. 9, 10 A finiteelement method is used to discretize the system that is divided into elements, where the density of the total emitted molecular flux v is assumed to be constant. For every element, labeled by the subscript i, we can write
where v 0i is the molecular flux density generated by the ith surface ͑e.g., the gas desorption flux͒, v inc i is the flux density incident on the elementary area dF i , and i is the adsorbed fraction of incident flux.
It is worth underlining that i embodies several terms:
10 ͑i͒ the reflection coefficient, which determines the probability that a molecule that is incident on the surface will leave it, having dwelt on it during a time of the order of the oscillation period of the crystal lattice; ͑ii͒ the coefficient of stimulated gas desorption, which determines the number of gas particles desorbed from the surface under the action, for example, of a fast molecule that has struck the surface; ͑iii͒ the sticking coefficient, which determines the probability of prolonged retention by the surface ͑greatly exceeding the oscillation period of the crystal lattice͒ of a gas molecule that has reached it; and ͑iv͒ the condensation coefficient, which determines the probability of prolonged retention by the surface of a similar molecule that has struck it ͑i.e., a condensation event͒. In the following, we will call the coefficient i the sticking probability.
We can write v inc i as
where j→i is the mean angular coefficient from the jth surface to the ith surface and n is the number of elements. Using a well-known property of the view factors, we can write
We obtain a system of n unknowns consisting in the fluxes emitted from the elementary surfaces. This way, the adsorbed fluxes can easily be calculated as
The view factors have been computed using the software tool ANSYS 6.0, 11 which is able to solve thermal radiation problems. Basically, the angular coefficient method happens to be useful to address vacuum gas dynamics issues due to a strong analogy between the problem of rarefied gas in a vessel and the one of radiation in a cavity.
Aiming at evaluating the dynamical behavior of LBE vapors developed inside a vacuum pipe, representing a simplified prototype of the TRASCO/PDS-XADS windowless interface, we first developed a model comprising only the LBE surface as a gas/vapor source inside the pipe so neglecting, for instance, the outgassing from the pipe walls.
III. EXPERIMENTAL SETUP
A. First experimental device
A first experimental device was built to evaluate the sticking probability of LBE vapors on the windowless interface prototype walls. In Fig. 2 , a schematic representation of the apparatus is shown.
To pump over a LBE liquid surface, a UHV oven able to reach 650°C has been connected to a 2-m-long vacuum pipe ͑CF 63͒, whose temperature can be controlled up to 200°C. Two microbalances ͑quartz oscillator thickness monitor͒ fitted in the vacuum pipe can be inserted at 685 and 1685 mm distances over the LBE liquid surface, monitoring the deposition rate with an active area of 50 mm 2 and 0.1 nm resolution. The microbalances are cooled by water flow. The pumping system consists of a turbomolecular pump unit ͑300 l/s͒, two ion gauges, and a residual gas analyzer. The base pressure, after a bake-out, is less than 1ϫ10 Ϫ5 Pa. The experiments have been made by positioning a single microbalance ͑upper microbalance located at zϭz 2 and lower microbalance located at zϭz 1 ). With reference to the drawing shown in Fig. 2 , in the following we denote v ads,S (T,zϭ͕z 1 ,z 2 ͖) the deposition rate measured in a single-microbalance experiment and v ads,D (T) the deposition rate measured in a double-microbalance experiment, where T is the LBE temperature. Double-microbalance experiments means that both microbalances are inserted and the lower one masks the upper one.
B. Weight loss measurement
To properly run our theoretical model, an experimental evaluation of the evaporation rate of LBE (v 0i ) was also needed. The apparatus shown in Fig. 3 was thus built.
The evaporation rate was measured by means of a gravimetric method. A specimen, typically weighing about 40 g, was prepared by cutting an LBE ingot. The solid sample was then positioned inside the stainless steel crucible ͑1͒ holding a disk ͑2͒ having a thickness of 1 mm, featuring an inner hole with diameters equal to 10, 20, and 30 nm. The system was then sealed and set under high vacuum conditions. A cold finger ͑3͒ was also used to collect evaporated metals through a removable disk ͑4͒. After a first outgassing at low temperature ͑130°C͒, the sample was rapidly heated up to the desired temperature, typically ranging between 400 and 600°C. The sample was then allowed to evaporate under vacuum during a time period ranging from 10 to 48 h. After a fast cool-down, the sample was then weighed to evaluate, by difference, the amount of alloy lost due to evaporation. Vapor composition was also evaluated by treating disk ͑4͒ with concentrated nitric acid and by analyzing the solution thus obtained through atomic absorption spectroscopy.
C. Second experimental device
In order to evaluate in a more correct way the sticking probability, a second apparatus has been built. It is similar to the first one, but we set up some clever devices and choices in order to have a better control of the evaporating throughput ͑better control of the quality of the evaporating surface͒ and a higher sensitivity in the evaluation ͑optimized geometry͒. In particular, we used a 3-m-long tube with the microbalances located at 610 and 1610 mm with respect to the LBE free surface. Moreover, the oven internal structure has been built similar to a Knudsen cell in order to ensure a reasonable independence of the evaporating throughput with respect to the evaporating surfaces. A correction factor between the ideal Knudsen cell and our system behavior is 0.26 mainly due to the internal conductance. This estimation was calculated with the view factor method applied to a schematic model of the source. A sketch of the second evaporating system is shown in Fig. 4 .
IV. EXPERIMENTAL RESULTS AND DISCUSSION
The experimental apparatus with boundary conditions is schematically represented in Fig. 2 . We assume that ϭ both for the microbalance surface and for the pipe inner walls and that ϭ1 for the LBE surface. In addition, we assume that the flux v 0 generated by microbalance surface and by the pipe inner walls is equal to zero, since these surfaces operate at room temperature.
The source flux at the molten LBE is the evaporation rate v 0 (T), depending on the controlled LBE temperature.
A typical experimental run gives us a thickness trend of the vapor condensed on the quartz as shown in Fig. 5 . We obtain deposition rate by calculating the slope of the thickness linear trend.
We have repeated the experiments alternating the use of the two microbalances, at various molten LBE temperatures, and we have measured the deposition rates, as shown in Fig.  6 .
From the point of view of the angular coefficient method, the model is completely defined. The ratio R between the deposition rate of v ads,S (T,zϭz 1 ) and v ads,S (T,zϭz 2 ), is independent of the source flux v 0 (T), because of the linearity of the final Eqs. ͑1͒ system.
Concerning the first experimental test, an evaluation of the ratio R from the values of v ads,S (T,zϭz 1 ) and v ads,S (T,zϭz 2 ) drawn at several different LBE temperatures, is shown in Fig. 7 .
Experiments show that R is independent of the LBE temperature. We could properly describe the whole set of experimental data by fitting the coefficient , always using the FIG. 3 . Experimental apparatus used for the gravimetric measurements of LBE evaporation rates. ͑1͒ crucible, ͑2͒ effusion disk, ͑3͒ cold finger, ͑4͒ evaporation target, ͑5͒ thermocouple, ͑6͒ heat insulation, ͑7͒ heating elements, ͑8͒ all-metal UHV valve, ͑9͒ ion gauge, ͑10͒ turbine pump, and ͑11͒ rotary pump. angular coefficient method applied to the model of our system ͑see Fig. 2͒ . The measured value of Rϭ7.8Ϯ0.3 corresponds to a calculated value ϭ0.27Ϯ0.02.
Furthermore, we could predict the outcome of the doublemicrobalance experiments, in which both microbalances are inserted; that is, the ratio R D ϭv ads,D (T,zϭz 1 )/v ads,D (T,z ϭz 2 ), assuming that Х0.27. In fact a value R D Х18.5 was computed, to be compared with the experimental mean value R D Х18. 4 .
Experiments done using the second apparatus, characterized by better evaporating surface control and higher sensitivity in the evaluation, give a value Rϭ10 that correspond to ϭ0.28. In Fig. 8 , data relative to estimated values of are reported. It is clear that in the second experiment, the measured value falls within the error range of the first data set.
From the weight loss measurements, we have determined the evaporation rate at the two investigated temperatures, and in the case of the small hole diameter, we obtain 4.26 ϫ10 Ϫ2 mg/cm 2 s for Tϭ613°C and 4.04ϫ10 Ϫ3 mg/cm 2 s for Tϭ535°C. A plot of these evaporation rates is presented in Fig. 9 . On the same plot, we can see the ideal behavior according to the Raoult law. We can observe that the differences between the experimental points and this curve are less than 10%. Nevertheless the Raoult law is not strictly physically applicable in our case, because we are not in thermodynamic equilibrium. Further investigations will be performed.
For the first experimental series ͑first experimental device͒, once a reliable value for was obtained, the computation of the evaporation rate of the LBE can be also accomplished using the calculated v ads (T)/v 0 (T) ratios, where v ads ͑T͒ can be the condensation rate on the bottom or on the top microbalance in a single-or double-microbalance experiment. Figure 9 shows that the evaporation rates measured in this way are underestimated, referring to the gravimetric measure or the numerical application of the Raoult law. We supposed that this configuration is not suitable for this kind of measurement, because the deposited rate is proportional only to a fraction of effective source area. This area may be different from the nominal one, due to the presence of an inert floating slag on the LBE surface. The measure of the sticking probability was independent of it if, during the two alternating experiments at the same temperature, the effective source area did not change.
The control of the emitting area of the source flux has been optimized in the second experimental device. The View Factor model of this system confirms that the emission rate, at the output aperture, is independent of the area of the liquid-vapor surface. Data are shown in Fig. 9 .
The analysis of the experimental results using the angular coefficient method shows that the evaporation rate estimation, calculated using the angular coefficient method, approaches the weight loss data as much as we can control the evaporation surface.
During these measurement campaigns we have made some analysis, using an inductive coupled plasma apparatus, on samples coming from the various experimental setup ͑e.g., the microbalance quartz͒. The result shows an enrichment of the vapor phase with bismuth, which is the most volatile component. The percentage of Bi in the condensed phase is about 70%. This point will be investigated more deeply in the near future, together with the open questions about Raoult law relative to LBE behavior in vacuum.
V. CONCLUSIONS
This work was motivated by the need to understand the physical parameters involved in the windowless interface vacuum system design.
A suitable numerical tool has been developed to study the gas and vapor evolution for the windowless interface of ADS.
These studies validate the angular coefficient method using the flow measurement, giving a correct interpretation of evaporation phenomena from the emitting surface and gas dynamics.
With respect to the vacuum system design for the windowless interface, a free LBE surface is directly exposed to the beam pipe vacuum; this is, in principle, similar to the case of our first experimental setup. Therefore, the measured data can be considered as a conservative estimation of the real mass flow that will emitted in the ADS interface.
Further investigations, using a similar approach, are under way for vapors, not condensable gases, material degassing, high activity compounds, etc.
